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The rat is an important animal model in biomedical
research, but practical limitations to genetic manipu-
lation have restricted the application of genetic
analysis. Here we report the derivation of rat andro-
genetic haploid embryonic stem cells (RahESCs) as
a tool to facilitate such studies. Our approach is
based on removal of the maternal pronucleus from
zygotes to generate androgenetic embryos followed
by derivation of ESCs. The resulting RahESCs have
21 chromosomes, express pluripotency markers,
differentiate into three germ layer cells, and con-
tribute to the germline. Homozygous mutations can
be introduced by both large-scale gene trapping
and precise gene targeting via homologous recombi-
nation or the CRISPR-Cas system. RahESCs can
also produce fertile rats after intracytoplasmic injec-
tion into oocytes and are therefore able to transmit
genetic modifications to offspring. Overall, RahESCs
represent a practical tool for functional genetic
studies and production of transgenic lines in rat.
INTRODUCTION
Rats are important animal models for biological researches and
human diseases. Compared to mice, the physiological composi-
tion, cellular regulatory mechanisms, and intelligence levels of
rats are more similar to those of humans (Jacob and Kwitek,
2002). Yet it is more time-consuming and costly to generate
transgenic or knockout rats than mice, which has severely
limited the application of rat models in biomedical studies.
Haploid cells contain only one set of allelic genes of the normal
diploid cells, and they therefore have the advantage for fast
functional gene identification and have been used for genetic
screening in yeast (Hartwell et al., 1974) and human KBM-7404 Cell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc.leukemia cells (Carette et al., 2009, 2011; Kotecki et al., 1999).
The recently developed mouse haploid embryonic stem cells
(ESCs) have proven the feasibility of producing viable transgenic
mice via oocyte injection. Thus, haploid ESCs can serve as an
efficient way to generate transgenic animals with heritable
genetic modifications (Elling et al., 2011; Leeb and Wutz, 2011;
Li et al., 2012b; Yang et al., 2012).
Here we describe the successful derivation of Dark Agouti (DA)
rat androgenetic haploid embryonic stem cells (RahESCs) from
haploid embryos via the removal of the maternal pronucleus.
The RahESCs express high levels of pluripotent marker genes
and can be maintained in an undifferentiated status for more
than 30 passages. They possess the ability to differentiate into
various cell types of all three germ layers and can contribute to
the germline of chimeric rats. We also show that RahESCs
can be used to establish genome-wide mutant libraries by
piggyBac (PB) transposons. Homozygous gene knockout can
be easily achieved in RahESCs by either homologous recom-
bination or the CRISPR-Cas system. In addition, RahESCs
can fertilize oocytes and generate fertile offspring and can
therefore serve as a powerful strategy for the generation of
transgenic rats.
RESULTS
Derivation of RahESCs
We generated rat androgenetic haploid embryos by selectively
removing the female pronucleus from 0.5 day post coitum
(dpc) zygotes (Sprague Dawley [SD] oocytes fertilized by sperm
of DA rats). Because only the male pronucleus undergoes fast
active demethylation, the presence of a single pronucleus with
strong 5-hydroxymethylcytosine (5hmC) signal indicated suc-
cessful removal of the female pronucleus (Figures 1A and 1B).
Haploid embryos were transplanted into pseudopregnant rats
for in vivo culture until the blastocyst stage (Figure 1C). Among
the 986 fertilized oocytes, 43 morulas and blastocysts were har-
vested and further cultured in N2B27 medium supplemented
with ‘‘2i’’ (PD0325901 and CHIR99021) and leukemia inhibitory
factor (LIF) for cell line derivation (Buehr et al., 2008; Li et al.,
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Figure 1. Generation of Rat Androgenetic Haploid Embryonic Stem Cell Lines
(A) Schematic diagram for derivation of rat androgenetic haploid embryonic stem cell (RahESC) lines from early haploid embryos. Androgenetic haploid blas-
tocysts were generated by removal of maternal pronucleus (PN) of the fertilized oocytes and further in vivo culturing.
(B) 5mC and 5hmC staining of the fertilized embryos before (left) and after (right) the removal of maternal PN. The male and female PNs are identified by 5hmC
(green) and 5mC (blue) staining, respectively. The red PI signal stains the DNA.
(C) Images of the PN and blastocyst stage androgenetic haploid embryos, blastocyst-derived outgrowth, and RahESC lines generated during the RahESC line
derivation process. Scale bar, 100 mm.
(D) FACS analysis of DNA content of the RahESC line RAH-2 at early passage (middle, passage 6, 2.09% of haploid cells) of initial sorting and at late passage after
five rounds of FCAS sorting followed by three more passages without sorting (right, passage 24, 89.2% of haploid cells). A diploid rat ESC line, DA5-3, is used as
control (left).
(E) Determination of the sex chromosome of five RahESC lines by polymerase-chain-reaction (PCR) amplification of an X-chromosome-specific (Bex4) and a
Y-chromosome-specific (Tspy) gene. Genomic DNAs of male and female DA rat tail tips are used as controls.
(F) Karyotype of RAH-2 cell line with a haploid 20+X chromosomes set.
See also Figure S1 and Table S1.
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Generation of Rat Androgenetic Haploid ESCs2008). A total of 17 ESC lines were established, of which nine
(53%) contained a subpopulation of haploid cells (Table S1,
available online). After four or five rounds of fluorescence-acti-
vated cell sorting (FACS) purification, about 90% haploid cells
were obtained in each of the nine lines, and the cell lines main-
tained haploid expression after extended passaging for 40 times
with FACS purification at every five passages (Figure 1D and Fig-
ure S1A, available online). Karyotype analysis revealed that all of
these cells had a normal set of 20+X chromosomes (Figures 1E,
1F, and S1A), andmicrosatellite analysis confirmed the DA origin
of these cells (Figure S1B). Whole-genome sequencing analysisCof two RahESC lines detected no large regional insertions or
deletions and very few single nucleotide polymorphisms
(SNPs), indicating that the integrity of the haploid genome had
been maintained in the derived cell lines. These results demon-
strated that RahESC lines can be successfully established and
maintained in a haploid state throughout passaging.
Molecular Characterization of RahESCs
Similar to diploid rat ESCs, the established RahESC lines ex-
hibited positive signals for alkaline phosphatase (AP) staining
(Figure 2A) and expressed typical pluripotent marker genesell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc. 405
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Figure 2. Pluripotency Marker and Global
Gene Expression Analysis of RahESCs
(A) Alkaline phosphatase (AP) staining of
RahESCs. Scale bar, 100 mm.
(B) Immunostaining of the Oct4, Nanog, Sox2, and
SSEA-1 proteins in RahESCs. Scale bar, 100 mm.
(C) Western blot detection of Oct4, Nanog, and
Sox2 expression in RahESCs. A diploid ESC line,
DA5-3 (positive control), and rat embryonic fibro-
blasts (REFs, negative control) derived from E14.5
rat embryos are used as controls. a-tubulin is used
as a loading control.
(D) Real-time PCR analysis of Oct4, Nanog, and
Sox2 gene expression in RahESC lines RAH-8 and
RAH-9, diploid ESC line DA 5-3, and REF cells.
Data are presented as mean ± standard deviation
of three biological replicates.
(E) DNA methylation analysis of the Oct4 gene
distal enhancer and promoter regions in diploid
ESCs (DA5-3), RahESCs (RAH-2), and REF by
bisulfite sequencing.
(F) Global gene expression profile analysis of
RahESCs. Gene expression profiles of two
RahESC lines (RAH-2 and RAH-6), a diploid ESC
line (DA5-3), and rat round spermatid cells are
hierarchically clustered using the Euclidean dis-
tance method. Three replicated hybridizations of
each cell line are included.
(G) Bisulfite genomic sequencing analysis of
DMRs of imprinted genes Snrpn, Gtl2, and H19 in
rat sperm, diploid ESCs (DA5-3, P20), RahESCs
(RAH-6, P20), and tail tip fibroblast cells. Filled
circles represent methylated CpG sites, and open
circles represent unmethylated CpG sites.
See also Figure S2, Table S2, and Table S3.
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Generation of Rat Androgenetic Haploid ESCsincluding Oct4, Nanog, Sox2, and SSEA-1 (Figure 2B). Further
experiments confirmed that both the protein and mRNA levels
of the core pluripotency markers, namely Oct4, Nanog, and
Sox2, were comparable between the haploid and diploid rat
ESCs (Figures 2C, 2D, and S2A). Bisulfite sequencing results
showed that the promoter and enhancer of Oct4 gene (Li et al.,
2008) in both RahESCs and diploid rat ESCs were hypomethy-
lated, whereas a hypermethylated status at these sites was
found in the control rat embryonic fibroblast (REF) cells (Fig-
ure 2E). Global gene expression analysis on two RahESC lines
(RAH-2 and RAH-6), one diploid rat ESC line with germline trans-
mission ability (DA5-3; Li et al., 2012a), and rat round spermatids
revealed a high correlation (r = 0.95) between RahESCs and
diploid rat ESCs, both of which were distinct from round sperma-
tids (r = 0.51) (Figures 2F and S2B, Table S2).
One key question regarding haploid stem cells is whether the
gene imprinting status is maintained in the haploid stem cells.
We first examined the expression of imprinted genes in RahESCs
and diploid rat ESCs. Similar to the observation in mouse
ahESCs, the expression profile of imprinted genes in RahESCs
was very similar to that of diploid ESCs, but distinct from the
profile of sperm (Figure S2C). Within the cutoffs of >2-fold upre-
gulated maternally imprinted genes and <2-fold downregulated406 Cell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc.paternally imprinted genes in RahESCs as compared to normal
diploid rat ESCs, only nine maternally imprinted genes and two
paternally imprinted genes seemed to have maintained their
original methylation status, and the expression of other imprinted
genes showed no obvious correlation with their expected
parent-of-originmethylation status (Figures S2C, S2D, and Table
S3). We then performed bisulfite sequencing on the differentially
methylated regions (DMRs) of three imprinted genes. The results
showed that in RahESCs, the DMR of the maternally imprinted
Snrpn gene kept the unmethylated status as in sperm, whereas
the DMRs of paternally imprinted H19 and Gtl2 showed severe
loss of methylation in both RahESCs and diploid rat ESCs at
both early and late passages (Figures 2G and S2E).
Pluripotency Evaluation of RahESCs
We next examined the differentiation ability of the RahESCs both
in vitro and in vivo. The RahESCs could develop into normal
embryoid bodies (EBs) expressing marker genes of all three
germ layers after in vitro differentiation for 8 days (Figures S3A
and S3B). However, the RahESCs were rapidly diploidized
in the course of differentiation, with only around 4.5% cells re-
maining haploid at 8 days after differentiation (Figure S3C). The
RahESCs could form teratomas containing derivatives of all
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Figure 3. In Vivo Differentiation Analysis of
RahESCs
(A) Teratoma formation of RahESCs from the
RAH-2 cell line. Shown are the teratoma dissection
slices representing all three germ layers identified
by H&E staining. Scale bar, 500 mm.
(B) DNA content analysis of differentiated cells
isolated from teratoma.
(C) The chimeric rat generated from RAH-2 cells
(DA background, dark agouti). Arrow represents
the offspring produced by germline contribution of
RAH-2 cells (dark agouti).
(D) Red fluorescent protein (RFP) labeling of
RahESC line RAH-8RFP (bottom) with piggyBac
(PB) transposons carrying an RFP transgene
driven by the EF1a promoter (top). Scale bar,
100 mm.
(E) E7.5 chimeric embryo generated from RahESC
line RAH-8RFP (top) and FACS analysis of DNA
content of both the RFP-positive and RFP-nega-
tive cells within the embryo (bottom).
(F) E13.5 chimeric embryo generated from
RahESC line RAH-8RFP (top) and FACS analysis of
DNA content of both the RFP-positive and RFP-
negative cells within the embryo (bottom).
(G) RFP fluorescence detection of the gonads
(female) of an E13.5 RAH-8RFP-derived chimeric
embryo. White dots outline the germinal ridge
region of the embryo.
(H) Immunostaining of VASA protein in the gonad
(female) dissection slices of E13.5 chimeric
embryos.
(I) RFP fluorescence detection of the offspring
(1 week old) produced by germline contribution of
RAH-8RFP cells.
(J) PCR analysis of transgenic offspring of
RahESCs by germline transmission. Tg, trans-
gene.
(K) Liver of an adult chimeric rat generated from
RAH-8RFP (top) and FACS analysis of the DNA
content of both the RFP-positive and RFP-nega-
tive cells within the liver (bottom).
See also Figure S3 and Table S4.
Cell Stem Cell
Generation of Rat Androgenetic Haploid ESCsthree germ layers around 4–5 weeks after subcutaneous injec-
tion into severely combined immune deficiency mice (Figure 3A).
However, we failed to detect any haploid cells in the teratoma,
suggesting that the RahESCs had all been converted to diploids
after differentiation (Figure 3B).
We further examined the differentiation potential of RahESCs
by chimera formation assay. RahESCs from cell lines RAH-2
and RAH-4 (DA, agouti coat color) were injected into the blasto-
cysts of Fischer (F344) female rats (white coat color). A total of
47 chimeras with a high percentage of RahESC contribution
were generated as determined by the coat color chimerism
and simple sequence length polymorphism (SSLP) assay (Fig-
ures 3C and S3D). Twenty-six female adult chimeric rats from
five RahESC lines were mated with male SD rats (white coat
color), and six agouti colored offspring were produced by
chimera rats derived from four RahESC lines (Figure 3C and Ta-
ble S4), indicating that the RahESCs had contributed to the
germline of those chimeric rats.CTo further investigate whether RahESCs could differentiate
while maintaining the haploid state, we labeled the RAH-2,
RAH-8, and RAH-9 cell lines with RFP and neomycin-resistant
(neor) transgenes driven by EF1a promoter in the piggyBac
transposons (Figure 3D). After using G418 to select for neor-
transgene-carrying cells for 7 days, the survival cells all stably
expressed the transgenes as evidenced by the RFP fluores-
cence (Figures 3D and S3E). The G0 or G1 phase transgenic
haploid cells (RAH-8RFP and RAH-9RFP) were injected into
diploid F344 rat blastocysts to produce chimeric embryos.
We isolated the RFP-positive cells and performed the DNA
content analysis at five different developmental stages,
including E7.5, E8.5, E9.5, E11.5, and E13.5. Similar to the
observation in mouse haploid ESCs (Li et al., 2012b), only
approximately 1.5% of RFP-positive cells remained haploid in
E7.5 embryos, and no haploid cell could be detected at later
stages (Figures 3E, 3F, and S3F–S3H). We observed RFP-pos-
itive cells with VASA expression in the genital ridge of E13.5ell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc. 407
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Figure 4. PB-Transposon-Based Gene Trapping in RahESCs
(A) Genome-wide PB transposon integration site analysis. Promoter region is determined as the 5 kb region upstream of a known gene.
(B) The integration sites of nine independent clones with intragenic insertions.
(C) DNA content analysis of 4 sublines with different intragenic insertions. All cell lines contained a high proportion of haploid cells.
(D)PCRanalysis of nineselected intragenicPB insertion sites (inTableS4). Eachsitewasanalyzedby twosetsofprimers,withonedetecting thewild-typesequence
(left) and the other detecting the transposon trappedsequence (right).GenomicDNAsamplesof all the nine cloneswere usedasPCR templates for eachprimer set.
(E) RT-PCR detection of the expression of three trapped genes, namely Bcam, Spats2, and Gbp2.
See also Figure S4, Table S5, and Table S6.
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Generation of Rat Androgenetic Haploid ESCschimeras, indicating the transgenic RahESC origin of these
germ cells (Figures 3G and 3H). In the adult chimeric rats,
RFP-positive cells showed wide contribution to many tissues
including the ovary of female rats. In addition, the adult chimeric
rats produced transgenic offspring after being mated with SD
wild-type rats, demonstrating the full pluripotency of the trans-
genic RahESCs (Figures 3I and 3J). FACS analysis of one
dissected chimeric rat showed that 59.8%, 69.6%, 51.0%,
70.9%, and 65.1% of liver, kidney, heart, spleen, and skin cells,
respectively, were RFP positive. Yet almost all the detected
RFP-positive cells were diploids (Figures 3K and S3I–S3O).
These results demonstrated that RahESCs were functionally
pluripotent cells with the capacity to differentiate into all three
germ layers and to contribute to the germline. However, the
haploid cells were rapidly converted into diploids during
differentiation.408 Cell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc.Efficient Generation of Cell Libraries Containing
Genome-wide Homozygous Mutations
Haploid ESCs can serve as a convenient tool to generate homo-
zygous mutants on a genome-wide scale for functional gene
studies. To demonstrate such feasibility in our RahESCs, PB
transposon-based gene-trap vectors (Ding et al., 2005) carrying
a neor gene were electroporated into 5 3 105 rat haploid ESCs
collected immediately after FACS purification (RAH-2, passage
18) to generate insertional mutations. After 7 days of selection,
about 1,200 G418-resistant colonies appeared. We randomly
picked 202 independent clones and identified the insertion sites
in each clone by splinkerette-PCR-based sequence analysis. A
total of 259 insertion sites were identified from the 202 clones,
among which 51.7% insertions occurred in intragenic or pro-
moter regions of 132 annotated genes (Table S5), while the
rest of the insertions were within intergenic regions (Figure 4A).
Cell Stem Cell
Generation of Rat Androgenetic Haploid ESCsThe PB insertion sites were found on all chromosomes (Fig-
ure 4B). Based on the detected efficiency, electroporating
approximately 1.5 3 107 RahESCs would generate a cell library
harboring mutations covering every annotated gene of the
genome. We chose nine colonies with different intragenic inser-
tions for further analysis. Of note, all these colonies contained a
high proportion of haploid cells (Figures 4C and S4). PCR
analysis with site-specific primers confirmed the insertions
identified by splinkerette PCR (Figure 4D). Moreover, the PCR
results reflected the lack of wild-type allele in the PB inserted
cells, indicating that the insertional mutagenesis in rat haploid
ESCs had produced homozygous mutants. RT-PCR detection
of three trapped genes, namely Bcam, Spats2, and Gbp2, also
confirmed that the expression of these genes was abolished in
the corresponding gene-trapping cells (Figure 4E). These data
demonstrated the feasibility of using RahESCs to produce
genome-wide mutational cell libraries for efficient genetic
screening.
Site-Specific Gene Targeting in RahESCs via
Homologous Recombination and the CRISPR-Cas
System
To examine whether the RahESCs were also amenable to site-
specific gene targeting, we designed a homologous recombina-
tion strategy to specifically knock out the Scn4b gene, which
encodes the sodium channel b4 subunit protein and holds a
potential implication in the development of long-QT syndrome
(Medeiros-Domingo et al., 2007). Briefly, two homologous
arms (left: 4.03 kb; right: 2.86 kb) were cloned and integrated
into the targeting vector containing a PGK-neo antibiotic selec-
tion cassette. The PGK-neo cassette would replace exons 2
and 3 of the Scn4b gene by homologous recombination (Fig-
ure 5A). After electroporation of the linearized targeting vectors
into 2 3 107 haploid RahESCs and followed by 7 days of selec-
tion, 145 G418-resistant colonies appeared and were further
expanded for analysis. Two correctly targeted clones were iden-
tified by PCR with specific primer pairs P1-P2 and P3-P4 (Fig-
ure 5B). PCR results from primer pairs P5-P6 and P5-P7 showed
that both clones contained only the targeted allele but not the
wild-type allele, suggesting successfully homologous mutation
of the Scn4b gene (Figure 5B). The targeted clones were
expanded into sub-cell lines and subjected to FACS analysis.
About 12.5% cells in the sub-cell lines after the gene targeting
experiment were still haploid. After continuous culture and
FACS purification, nearly 66.5% of haploid transgenic cells
were obtained (Figure 5C).
The CRISPR-Cas system has emerged as a powerful tool
for efficient and simultaneous generation of multiple genome
modifications (Cong et al., 2013; Mali et al., 2013), and it should
thus efficiently achieve homozygous gene knockout if applied on
haploid ESCs. To test this hypothesis, we performed gene
targeting on RahESCs with the CRISPR-Cas system containing
three guide RNAs that target the three Tet family genes as
previous reported (Li et al., 2013). After electroporation of the
Cas9- and green fluorescent protein (GFP)-expression vectors
together with three guide RNAs, the GFP-positive haploid
RahESCs were sorted and 22 single-cell colonies were randomly
picked for genotyping (Figure 5D). Of the 22 colonies, 20 col-
onies hadmutations in at least one Tet family member by SangerCsequencing. Only a single type of deletion was identified among
cells of each colony, indicating that all mutations in each colony
were homozygous. Ten colonies had double homozygous muta-
tions at either the Tet1 and Tet3 sites or the Tet2 and Tet3 sites,
and three colonies had mutations within all three Tet genes (Fig-
ures 5E and S5). Taken together, these results demonstrated
that single or multiple gene targeting through homologous
recombination and the CRISPR-Cas system can be accom-
plished in RahESCs.
Generation of ICAI Rats by RahESC Injection
To test whether the RahESCs could take the place of sperm in
supporting embryonic development, we performed an intracyto-
plasmic RahESC injection (ICAI) experiment. FACS-purified G0/
G1 phase RahESCs or RahESCs with sizes smaller than those of
G0/G1 phase, including cells from four originally derived cell
lines (RAH-1, RAH-2, RAH-4, and RAH-7), two transgenic cell
lines carrying the RFP transgene (RAH-8RFP and RAH-9RFP),
and one Scn4b gene knockout cell line (RAH-2KO) (Table 1),
were injected into SD oocytes to construct the diploid embryos
(Figure 6A). Unlike sperm, the haploid RahESCs could not
activate oocytes after intracytoplasmic injection. We therefore
activated the constructed embryos artificially by adding butyro-
lactone-I (BL-I) (Figure 6A). Immunostaining of the ICAI-
constructed embryos at 0, 1, and 6 hr postactivation revealed
the formation of paternal pseudopronuclei with typical 5hmC
staining (Figure 6B). The reconstructed embryos from both the
originally derived and genetically modified RahESC lines could
develop to blastocyst and E13.5 stages with comparable effi-
ciencies (Figures S6A–S6C). The expression of RFP and the
deletion of the Scn4b gene were correctly detected in corre-
sponding embryos derived from the RFP transgenic RahESC
lines (Figures 6C and 6D) and the RAH-2KO RahESCs, respec-
tively (Figure S6D), suggesting that the ICAI procedure can
directly transmit the genome of RahESCs to the reconstructed
embryos.
Next, we determined the full-term developmental ability of
ICAI embryos derived from the RahESC lines. Two of four cell
lines without genetic modifications, namely RAH-2 and RAH-4,
produced full-term pups (Table 1). In the assay for transgenic Ra-
hESC lines, four full-term pups carrying RFP expression from
two individual cell lines were obtained (Figure 6E). Among all
six full-term pups, three survived for more than 1 week, of which
one survived into adulthood; the other three pups showed
growth retardation with a much lower body weight, and died
within 1 hr after birth (Figure S6E). We also observed severe
loss of methylation in the H19 DMR of growth-retarded pups,
whereas normal ICAI pups showed correct methylation levels
(Figure S6F), suggesting that the altered imprinting status might
be a cause for the early death of ICAI pups.
DNA microsatellite analysis of the ICAI rats showed that they
all had a hybrid SD (white coat) and DA (agouti coat) genetic
background as expected (Figure 6F). Genotype analysis
confirmed that pups derived from the RFP transfected RahESCs
inherited the RFP transgene (Figure 6G). Mating the ICAI-pro-
duced adult rat (DA 3 SD background) with an SD male rat pro-
duced healthy progenies with normal litter size and expected
coat-color separation among the F1 generation (Figure 6H), indi-
cating the normal fertility ability of the RahESCs. These resultsell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc. 409
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Figure 5. Gene Targeting in RahESCs
(A) Scheme of gene targeting strategy for knocking out the ratScn4b gene. Two homologous armswere cloned into the targeting vector to each side of aPGK-neo
cassette, which would replace exon 2 and 3 of the Scn4b gene after homologous recombination.
(B) PCR analysis of gene targeting in RahESCs with specific primers. Primer sets P1-P2 and P3-P4 recognize the correctly targeted sequence at the Scn4b gene
locus, and P5-P6 and P5-P7 recognize the wild-type and targeted alleles, respectively. Wild-type genomic DNA is used as a control.
(C) DNA content analysis of the Scn4b-gene-interrupted cells (RAH-2KO) at the initial sorting stage (left) and after several rounds of purification (right).
(D) Schematic view of the gene targeting process in RahESCs by the CRISPR-Cas system.
(E) Sanger sequencing results of targeted gene alleles in each picked colony. Genomic sequences are shown in black upper case letters, the PAM sites are shown
in red upper case letters, and insertions are shown in lower case letters. The sizes of the insertions (+) or deletions (D) are shown to the right of each allele. WT
represents wild-type.
See also Figures S5 and S6 and Table S6.
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Generation of Rat Androgenetic Haploid ESCsdemonstrated that RahESCs could take the place of sperm to
fuse with oocytes to produce full-term healthy offspring.
DISCUSSION
In this study, we showed that RahESCs can be generated from
haploid blastocysts by the removal of the maternal genome.
The RahESCs can maintain haploidy over extensive passages
and have the same pluripotent features as the diploid rat
ESCs: they express key pluripotent marker genes, form tera-
tomaswith derivatives of all three germ layers, produce chimeras
with high rates of haploid cell contribution, and have the ability
for germline transmission. Moreover, the RahESCs can effi-410 Cell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc.ciently produce homozygously mutated ESCs by PB-trans-
poson-mediated gene trapping, homologous recombination,
and the CRISPR-Cas system. The cells are also capable of
generating viable and fertile progenies after intracytoplasmic
injection into mature oocytes.
Rats are physiologically more similar to humans and are a
better model than mice for disease modeling, physiological
study, and drug efficacy and toxicity tests. However, rat func-
tional genomic studies and transgenic disease model develop-
ment lag far behind mouse studies due to the lack of research
tools. Although site-specific nucleases including zinc finger
nuclease (ZFN), transcription activator-like effector nuclease
(TALEN), and the CRISPR-Cas system have enabled targeted
Table 1. Developmental Efficiencies of ICAI Embryos
Donor
Cell
No. of
Transferred
No. of
Recipients
No. of Implantation
(Percent)
No. of Placenta
(Percent)
No. of E13.5
Embryos (Percent)
No. of Full-Term
Pups (Percent)
No. of Survived
(Percent)
RAH-1 227 7 18 (7.9) 7 (3.0) 5 (2.2) 0 0
RAH-7 300 10 29 (9.7) 6 (2.0) 3 (1.0) 0 0
RAH-2 295 8 43 (14.6) 15 (5.1) 9 (3.1) 1 (0.3) 1 (0.3)
RAH-4 320 10 39 (12.2) 8 (2.5) 8 (2.5) 1 (0.3) 1 (0.3)
RAH-8RFP 176 6 28 (16.5) 11 (6.5) 5 (2.9) 2 (1.2) 1 (0.5)
RAH-9RFP 265 7 49 (18.8) 19 (7.3) 8 (3.0) 2 (0.8) 0
RAH-2KO 148 4 21 (14.2) 6 (4.1) 2 (1.4) 0 0
Sperm 98 4 NT NT NT 30 (30.6) 30 (30.6)
In vivo developmental efficiencies of ICAI embryos. Haploid RahESCs from four originally derived cell lines (RAH-1, RAH-2, RAH-4, and RAH-7), two
transgenic cell lines carrying the RFP transgene (RAH-8RFP and RAH-9RFP), and one Scn4b gene knockout cell line (RAH-2KO) were injected into SD
oocytes to construct the diploid ICAI embryos. Sperm was used as the control. NT, not tested. See also Figure S6 and Table S1.
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Generation of Rat Androgenetic Haploid ESCsgene mutation on the rat genome (Brown et al., 2013; Cui et al.,
2011; Geurts et al., 2009; Li et al., 2013; Tesson et al., 2011), the
modifications were only inheritable when they occurred in germ
cells or ESCs with germline contribution. Only recently were the
authentic rat ESCs successfully established (Buehr et al., 2008;
Li et al., 2008), 27 years later than the mouse ESCs (Evans and
Kaufman, 1981; Martin, 1981). Haploid ESCs combine the
advantages of both haploidy and pluripotency, and they thus
can serve as a powerful means for genetic screening and gene
functional studies through loss of function in various cell types.
Our data showed that high-throughput homozygous mutations
in the rat genome could be quickly produced using the RahESCs
through PB-transposon-mediated gene trapping. Extrapolating
from our efficiency rate (750 intragenic mutations per 5 3 105
transfected cells), an ESC library harboring genome-wide
gene disruptions can be established when 1.5 3 107 cells are
transfected. Because the genetically modified RahESCs may
differentiate into various cell types such as neurons and hepa-
tocytes given the pluripotent nature of RahESCs, such an
approach can serve as an efficient method for rapid reverse
genetic screening. Besides random gene trapping, precise
gene targeting through homologous recombination and the
recently developed CRISPR-Cas system can also be achieved
in RahESCs. Importantly, the haploidy of cells is still maintained
after all these genetic modifications, indicating that the mutation
harboring cells could be directly used in ICAI. Either the germline
transmission ability of RahESCs or the ICAI procedure can
directly convert genetic modifications from the cellular to the
whole-animal level, and thus, the RahESCs are a promising
tool for the production of genetically modified rat models,
including gene knockout rats.
The properties of RahESCs are similar to those of mouse
ahESCs. Both of them can maintain haploidy as well as pluripo-
tency for extended passages. Similar to the mouse ahESCs,
genetically modified RahESCs with homogenous mutations
can be obtained. During differentiation, the RahESCs rapidly
become diploidized. Only very few haploid cells can be detected
in the E7.5 chimeric embryos. Previous studies onmouse hapoid
ESCs also revealed that few haploid cells could be detected
after E6.5. Taken together, these results raised the question of
maintaining the stability of haploidy in somatic cells. Of note,
the percentage of haploid RahESCs in E7.5 chimeric embryosC(1.5%) is much lower than that of the mouse ahESCs (Li et al.,
2012b), suggesting a faster diploidization rate of RahESCs
than mouse ahESCs. Revealing the mechanisms regulating the
haploidy maintenance of ahESCs and rapid diploidization during
differentiation will be helpful for increasing the efficiency of
haploid cell production.
Though the ICAI procedure to produce fertile progeny also
works in rats, the average efficiency of full-term development
and the efficiency of survival-to-adulthood of ICAI pups in rat
(6/1,056, 0.57%; 1/6, 17%) were much lower as compared to
those in mice (29/660, 4.4%; 10/29, 34%), both of which were
produced by our own group. This phenomenon, together with
the faster diploidization rate of RahESCs, is probably due to
either the fact that the rat ESCs are more unstable in culture or
the lack of suitable culture medium. Indeed, though expected
to keep a sperm-like imprinting status given their androgenetic
origin, the RahESCs largely lost paternal imprinting and did not
exhibit consistent upregulation of maternally imprinted genes
and downregulation of paternally imprinted genes as compared
to the diploid rat ESCs. Unexpectedly, we also observed severe
loss of imprinting in both normal diploid rat ESCs and RahESCs
even at early passage. Such loss of imprinting may be caused by
some unknown factors during the rat ESC derivation and routine
culture process. It should be noted that the normal ICAI rats
have the correct methylation pattern at the DMR ofH19, whereas
the growth-retarded ones do not. This may explain the relatively
low ICAI efficiency of RahESCs, because the proportion of
RahESCs with correct imprinting profile should be very small
according to the global aberrant expression of imprinted
genes in RahESCs. Previous studies also showed that rat
ESCs were more difficult to maintain and less likely to contribute
to germline compared to mouse ESCs. Until now, generation of
tetraploid embryos in rats has not succeeded (Hirabayashi et al.,
2012). It is possible that optimization of culture medium will
improve the ICAI efficiency and promote the application of
RahESCs.EXPERIMENTAL PROCEDURES
Animals
Specific pathogen-free (SPF) grade rats were purchased from Beijing Vital
River laboratory animal center. All animal experiments were performed inell Stem Cell 14, 404–414, March 6, 2014 ª2014 Elsevier Inc. 411
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(A) Schematic overview of intracytoplasmic RahESC injection into oocyte.
(B) Immunostaining of 5mC, 5hmC, andDNA of embryos produced by ICSI and ICAI. Blue represents the strong 5mC signal inmaternal DNA, green represents the
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(D) Phase-contrast morphology (left) and fluorescence view (right) of E13.5 ICAI-generated embryos. Shown are embryos of two littermates.
(E) A full-term ICAI pup generated from RAH-8RFP.
(F) SSLP analysis of the adult ICAI rats generated by injection of RAH-2 (DA background) cell into MII oocyte (SD background) with four DNA markers located in
three respective chromosomes. M is molecular marker, DA is the wild-type control Dark Agouti rat, and SD is the wild-type control Sprague Dawley rat. y axis
labels are the names of different rats.
(G) Genotyping analysis of the ICAI pups for the presence of the transgene. Tg, transgene.
(H) An ICAI-derived adult female rat and its offspring.
See also Figure S6.
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Generation of Rat Androgenetic Haploid ESCscompliance with the guidelines of the Institute of Zoology, Chinese Academy
of Sciences.
Generation of Androgenetic Haploid Embryos
Superovulated female adult SD ratsmatedwithmale DA rats were sacrificed to
enable our collection of zygotes at the PN3 stage. Female pronucleui were
distinguished from male pronuclei by their size and distance from the polar
body and were removed with the assistance of the Piezo micromanipulator
(Prima Tech and Leica). The zygotes containing a male pronucleus were trans-
ferred into E0.5 pseudopregnant female rats, which were sacrificed at E4.5 to
enable our collection of the androgenetic haploid morulas and blastocysts.
Derivation of RahESCs
MEF-inactivated feeder cells were prepared from mitomycin-C-treated CF1
mouse fibroblasts expressingmatrix-associated LIF. Haploidmorulas or blasto-
cysts were gently flushed out from the uteri of pregnant rats with theM2medium
and were plated into four-well plates and cultured on MEF-inactivated feeder
cells for 4–6 days with N2B27-2i culture medium (Zhao et al., 2010). The out-
growthswerepickedbyaglasspipettewitha150mminnerdiameter, dissociated
in0.25% trypsinwith2%chickenserum,andexpanded into four-well plateswith
preplated feeders. Medium was changed every day. RahESCs were cultured in
the sameN2B27medium passages as diploid rat ESCswere andwere split with
0.25% trypsin with 2% chicken serum for 3–4 min. Established ESC lines were
routinely cultured and passaged every 2–3 days at a ratio of 1:3–1:4.
Purification of Haploid ESCs
Sorting of haploid cells was performed on BD FACSAria II (BD Biosciences)
according to previous reports (Li et al., 2012b). Briefly, ESCs were trypsinized,
washed by DMEM (GIBCO) supplemented with 10% FBS (GIBCO), and
stained with Hoechst 33342 (Invitrogen) for 20 min at 37C, then filtered with
40 mM cell strainers. Diploid (2n) rat ESC sample was used as control. After
purification by FACS, the haploid 1n peak was purified for further culture.
Immunostaining, AP Staining, and Karyotype Analysis
Immunostaining and AP staining of RahESCs were performed as described
previously (Zhao et al., 2009). Primary antibodies include Oct4 (Santa Cruz),
Sox2 (Millipore), Nanog (Millipore), and SSEA-1 (Santa Cruz). The fluorescent
secondary antibodies were purchased from the Jackson lab. The nuclei of
RahESCswere stainedwith Hoechst 33342 (Sigma) for 10min at room temper-
ature. AP staining was performed according to the manufacturer’s instructions
for the alkaline phosphatase kit (Beyotime). The results were observed under
inverted microscope (Leica DMI3000B) or laser-scanning confocal micro-
scope (LSM 780). Karyotype analysis was performed following the standard
instructions.
Genomic PCR, RT-PCR, and Quantitative PCR
Genomic DNA was extracted by using MicroElute Genomic DNA Kits (Omega)
according to the manufacturer’s instructions. Total RNA was isolated from the
cells using Trizol reagent (Invitrogen). About 2 mg of total RNA was reversely
transcribed using M-MLV, RNasin Plus RNase Inhibitor, and oligo-dT primer
(Promega). RT-PCR was performed according to the manufacturer’s instruc-
tions. Real-time quantitative PCR reactions were set up in triplicate using
the SYBR Green Realtime PCR Master Mix (Toyobo) and run on a Bio-Rad
CFX96. All PCR results were normalized to the internal standard gene Actin.
Primer information is presented in Table S6.
Bisulphite Sequencing
A total of 200 ng genomic DNA of each sample was treated with Methylamp
DNA modification sample kit (Epigentek) according to the manufacturer’s
instructions. The promoter and enhancer region of Oct4 was amplified by
PCR using EX Taq HS (Takara) cloned into the PMD-18-T vector and was
sequenced with M13 forward and reverse primers. More information on the
primers used in bisulphite reactions is listed in Table S6.
Diploid Blastocyst Injection
Chimeras were generated by injection of RahESCs into F344 rat recipient blas-
tocysts according to a previous protocol (Li et al., 2012b). Diploid blastocysts
were collected from the uterus of 4.5 dpc female F344 rats. Approximately 10–C15 FACS-purified G0/G1 phase RahESCs were injected into each blastocyst
and transferred into the uterine horn of each E3.5 pseudopregnant female
SD rat. Chimeric rats were identified by coat color or RFP expression.
Intracytoplasmic RahESC Injection
ICAI was performed according to a previous protocol with somemodifications
(Figure 6A). In brief, matureMII oocytes were collected from the oviduct of 7- to
8-week-old superovulated female SD rats. A total of 5 mM MG132 (Calbio-
chem) was used throughout oocyte collection to inhibit oocyte spontaneous
activation. The collected oocytes were preactivated by 150 mM BL-I (Enzo)
within R1ECMmedium for 15 min at 38C with 5% CO2 before microinjection.
RahESCs were injected into MII oocytes using a Piezo micromanipulator. The
reconstructed embryos were activated by 150 mMBL-I within R1ECMmedium
for 2 hr, and two pronuclei in the reconstructed embryos were observed at 6 hr
after activation. Full-term pups were obtained through natural labor or
caesarean section at 21.5 dpc.
Microarray Analysis
Total RNA was extracted from two RahESC lines (RAH-2 and RAH-6), one
diploid rat ESC line (DA5-3), and rat round sperm cells using TRIZOL Reagent
(Invitrogen) following the manufacturer’s instructions. After amplification and
biotin labeling, 10 mg total cRNA (antisense RNA) were hybridized to Affyme-
trix Rat 230 2.0 Microarray using Genechip Hybridization. The signal was
measured using the AffymetrixGeneChip Scanner GCS3000 according to
the manufacturer’s instructions. The expression-analysis file created from
each chip scanning was normalized and further analyzed with GeneSpring
11.5.1 software (Agilent). Differentially expressed genes were identified by
Student’s t test with the threshold of p < 0.05 and fold change > 1.5.
Genetic Modification of RahESCs and Inverse PCR
The piggyBac plasmids were used for transgenic manipulation and gene
trapping in RahESCs. For transgene overexpression and RahESC labeling, a
piggyBac plasmid with an EF1a-promoter-driven DeRed-IRES-neo cassette
was used. A total of 2 mg piggyBac integrase (PBase) plasmid and 8 mg
piggyBac plasmid were electroporated into 5 3 105 RahESCs using the elec-
troporator (Invitrogen) at 1,400 v, 10 ms with three pulses. Transfected cells
were selected with 200 mg/ml G418.
For gene trapping experiments, the EF1a promoter of the piggyBac plasmid
was replaced with an alternatively spliced sequence. A combination of 1 mg
PBase plasmid and 3 mg piggyBac plasmid were electroporated into 5 3 105
RahESCs using the same conditions as described above. After electropora-
tion, the cells were plated onto four 35-mm dishes coated with G418-resistant
feeders and selected by 150 mg/ml G418 for 7 days. G418-resistant colonies
were picked out and passaged for gene trapping sub-cell line derivation. To
identify the trapping sites of these sub-cell lines, inverse PCR was performed
as previously described (Potter and Luo, 2010). Briefly, 1 mg genomic DNA
of each cell line was digested by BstY1 (NEB) and ligated with 45 ng adaptors
by T4 ligase (NEB). Then the manipulated genomic DNA was used as template
for nest PCR. The PCR products were sequenced and aligned to rat genome to
identify the integration site.
For CRISPR-Cas-mediated gene targeting, 20 mg Cas9-expression vector
and 30 mg guide RNAs (10 mg for each guide RNA) were mixed up and electro-
porated into 5 3 106 RahESCs. Two days later the GFP-positive haploid
RahESCs were sorted and further cultured for 7 days for single colony picking.
Each single colony was amplified by further culturing for 6 days and then
genotyped according to the previous report (Li et al., 2013).
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